ABSTRACT Ten subjects with normal hemodynamics were studied during elective cardiac catheterization with right and left heart multisensor micromanometry to assess hemodynamic responses to the Mueller maneuver. Simultaneous right and left circulatory hemodynamics and left ventricular, pulmonary arterial, and aortic pressures were recorded, in addition to pulmonary arterial and aortic flow velocities. Steady-state cardiac outputs were determined by thermal dilution. Aortic systolic and mean pressures were not significantly changed during the Mueller maneuver, in contrast to a lower diastolic (p = .019) and higher pulse pressure (p = .016). Mean right atrial pressure (± SE) decreased from 7 1 to -17 + 4 mm Hg (p = .0002) and the right atrial "x" descent was markedly accentuated. Left ventricular end-diastolic pressure decreased from 12 + 4 to -3 ± 13 mm Hg (p = .0025). Systemic vascular resistance and left ventricular peak positive dP/dt were increased during the Mueller maneuver (p < .02), cardiac output and stroke volume were reduced (p < .05), and there was no significant change in heart rate. Right and left peak flow velocities showed a trend toward a bilateral decrease (right, p = .054; left, p > .1), and times to peak flow velocity were increased in the pulmonary artery (p = .007) and reduced in the aortic root (p = .03). Normal subjects were studied separately by pulsed Doppler echocardiography. During the sustained Mueller maneuver, the internal jugular and right ventricular dimensions decreased, and superior vena cava Doppler flow was reduced. These data demonstrate reduced flow through the right and left heart chambers during a sustained Mueller maneuver in humans, in contrast to prior theory and animal data suggesting that right heart flow is increased during sustained forced inspiratory effort.
ventricular stroke volumes.1 Although this hypothesis would explain the auscultatory phenomena observed during forced inspiration, a critical study of right and left central circulatory hemodynamics during the Mueller maneuver in man has not been reported.
Previous work in our laboratory on regional wave travel and reflections in the aorta of man incorporated the Mueller maneuver as one of the physiologic stresses tested.6 7 We previously noted significant changes in proximal aortic wave speeds and the aortic input impedance spectrum during this maneuver. 8 The objective of the current study was to provide a detailed description of the hemodynamic effects of the Mueller maneuver in man with simultaneous right and left heart highfidelity catheterization techniques, as well as Doppler echocardiography, to gain better understanding of its physiologic effects.
Methods no prior myocardial infarction, no history of atherosclerotic heart disease, no atherosclerotic peripheral vascular disease, and no valvular heart disease or cardiomyopathy. Coronary arteriography revealed only mild atherosclerotic involvement in two patients whose resting hemodynamics and wall motion by left ventriculography were normal. The study protocol was reviewed and approved by the Clinical Investigation Committee and Institutional Review Board of Brooke Army Medical Center. All patients provided informed consent before study.
Cardiac catheterization was performed by the Sones technique via the right brachial approach. A No. 7F balloon-tipped thermal dilution catheter was introduced via the vena comitans and advanced to the right pulmonary artery to obtain thermal dilution cardiac outputs and to serve as a guide for the advancement of the right heart multisensor catheter. A No. 8F catheter with three solid-state micromanometric transducers and an electronagnetic flow velocity probe incorporated in the distal transducer housing was introduced via the right median basilic vein. The catheter was manipulated under fluoroscopic guidance through the right heart chambers to position the distal micromanometric sensor and the electromagnetic flow velocity probe in the main pulmonary artery just above the pulmonic value. In this position, the middle transducer was located in the right ventricular cavity and the proximal transducer in the right atrium (see figure 1) . A No. 8F multisensor catheter with two micromanometric transducers and an electromagnetic flow velocity sensor incorporated in the proximal (downstream) transducer housing was used for left heart catheterization. The left ventricle was catheterized retrogradely with the catheter manipulated so that the distal sensor was positioned in the left ventricle with the proximal pressure and electromagnetic flow velocity sensors just above the aortic valve (see figure 2) .
Simultaneous right and left heart pressures were processed with Honeywell Accudata 143 preamplifiers with low-pass filtering and a corner frequency of 100 Hz. Flow velocity signals were recorded with a Biotronex 61 3-2E dual-channel flowmeter and conditioned with the Honeywell preamplifiers. Flow velocities were recorded simultaneously with pressures. All data were stored on 1 inch FM analog tape (Honeywell 101 ) and hard copy was obtained with a fiberoptic strip chart recorder (Honeywell Visicorder, Model 1958). The pressure sensors and associated preamplifiers were calibrated and gain settings matched according to this laboratory's protocol. ' 9 Baseline hemodynamic variables, including thermodilution cardiac outputs and ventricular dimensions derived by echocardiography, were simultaneously recorded with subjects in the supine position at rest. The Mueller maneuver was then performed by having the patient inhale with maximal effort against a closed one-way Rudolph valve with a distally mounted pressure gauge. The maneuver was standardized by requiring greater than 50 cm H20 inspiratory effort for a minimum of 10 sec. During the maneuver, all the baseline measurements, including steady-state thermodilution cardiac outputs, were repeated. Several maneuvers were performed to allow each patient to become accustomed to the procedure; the best response, in terms of intensity and duration of the effort as well as hemodynamic tracing, was selected for the measurements. Figure 3 provides a representative simultaneous strip-chart recording during a sustained Mueller maneuver. The measurements analyzed in the present study were obtained during the steady-state phase as illustrated in figure 3 .
Pressure and flow waveforms were analyzed at rest and during the Mueller maneuver by measuring and comparing the following variables; time to peak flow, flow time, peak flow velocity, average acceleration to peak flow, systolic ejection period, left ventricular peak positive dP/dt, R wave amplitude, and transit time. The average acceleration to peak flow was calculated as the quotient of peak flow velocity and time to peak flow velocity. grams in the supine position required during cardiac catheterization. Accordingly, two-dimensional echocardiography was performed on seven healthy normal volunteers in the noninvasive laboratory. The Mueller maneuver was performed in exactly the same manner as in the cardiac catheterization laboratory, but the subjects did not have to be in the supine position. The left lateral decubitus position allowed us to image optimally the right ventricle from the left parasternal window. The end-diastolic area was determined in the long-axis and short-axis views.
A group of six subjects was also studied in the supine position with pulsed Doppler echocardiography, from the right supraclavicular fossa with the sample volume in the superior vena cava (SVC). The diameter of the SVC was also measured. It was technically difficult to image the segment of the internal jugular vein (IJV) at the thoracic inlet. Thus the IJV was imaged in short axis in the neck close to the thoracic inlet.
Statistics. Each patient served as his or her own control.
Baseline and Mueller maneuver hemodynamics, echocardio- graphic dimensions, and waveform characteristics were tested for significant differences by Student's paired t test (a = 0.05, 3 = 0.10).
Results
The study population consisted of eight men and two women with a mean age of 44 + 9 (SD) years (range 32 to 57). Patient characteristics are summarized in table 1. Two patients with mild coronary artery disease (<50% stenosis) but normal ventricular function and hemodynamics were included in the study. Normnal CAD = coronary artery disease; 2V = two-vessel.
Hemodynamic data are displayed in table 2. The cardiac 6utput and stroke volume decreased during the Mueller maneuver in all patients, without a significant change in heart rate. Comprehensive pressure data are given in table 3. All right heart pressures decreased significantly with the Mueller maneuver, in most cases dropping below the zero baseline, thus reflecting the intensely negative transmitted pleural and pericardial pressures. Flow data are summarized in table 4. During the Mueller maneuver, there was no significant change in aortic or pulmonary root peak flow velocity or average acceleration to peak flow velocity, although there was a tendency for the acceleration on the right to fall with the Mueller maneuver. There was also a tendency for total flow time to be prolonged, although this did not attaibi statistical significance. The time to peak flow was significantly changed during the Mueller maneuver and moved in opposite directions: later than control for right heatt flow, earlier for left heart flow.
Typical pressure and flow data at rest and during the Mueller maneuver are depicted in figures 1, 2, and 3. The "x" descent in the right atrial pressure waveform during the Mueller maneuver was particularly accentuated. This resulted in an increase in the right ventricular-to-right atrial pressure difference in systole (see figure 5) . The mid-to-late systolic peak of the aortic root pressure underwent an amplification (figure 2) during the Mueller maneuver. The inflection point on the aortic systolic pressure contour also occurred significantly earlier, as reflected in the reduced transit time measured (p = .0001). Finally, echocardiographic data ( returned to baseline after a transient overshoot.
Discussion
The Mueller maneuver has been used by clinicians during cardiac auscultation as a means to accentuate right-sided murmurs. [1] [2] [3] [4] [5] It has been presumed that this physiologic maneuver increases venous return and therefore, right ventricular flows.' In contradiction to this theory, we have found that the sustained Mueller maneuver decreases cardiac output and stroke volume through the right heart. These hemodynamic findings maneuver, although much less pronounced. The decrease in cardiac output and stroke volume that we observed during the sustained Mueller maneuver holds considerable hemodynamic interest: it reflects disparate effects on the determinants of stroke volume in the right and left heart. The left ventricular preload, formulated in terms of end-diastolic fiber stretch and echocardiographic left ventricular internal dimension, did not change. However, the left ventricular afterload increased significantly. Formulated in terms of systolic developed pressure, it increased because left ventricular end-diastolic pressure fell significantly during the Mueller maneuver while the peak systolic pressure was maintained at baseline levels. Formulated in terms of systemic input impedance, 10 it increased because of a significant rise in the systemic vascular resistance, which represents the steady component of the afterload. We have previously shown that during the Mueller maneuver there is also a strong increase in the in-phase part of the overall systemic input impedance spectrum, which represents the pulsatile component of the afterload. " The right ventricular afterload, formulated in terms of developed pressure, did not change, because both in part, to the increased systemic vascular resistance. It is also reflected in the accentuated "x" descent in the right atrial pressure tracings.
We have thus shown that the reduced cardiac output and stroke volume during the sustained Mueller maneuver are accounted for by an increased afterload on the left and a decreased preload on the right. We have not discerned any important change in myocardial contractile state. However, the heart rate and mean aortic pressure during the Mueller maneuver were unchanged, suggesting a subordinated role of neurovascular reflex modulation in the hemodynamic response of this physiologic stress.
During the sustained phase of the maneuver, there were no septal wall motion abnormalities on echocardiograms, as have been reported by other investigators. 12 13 The increase in the right atrial "x" descent reflects a "suction" effect transmitted to the slack atrium after atrial systole by the strongly negative intrathoracic pressure. The right ventricular to right atrial pressure difference was therefore greater during the Mueller maneuver and this, along with the altered right Vol. 76, No. 5, November 1987 cardiac geometry, may explain why the murmur of tricuspid regurgitation may be increased even when cardiac output and overall right heart flow is reduced. There was also a tendency for right-sided pressures to equilibrate in end-diastolic during the maneuver, again suggesting a right-sided filling abnormality. In general, the right heart pressures were affected more than left heart pressures during the Mueller maneuver. This resulted in a more subatmospheric diastolic right ventricular than left ventricular pressure, with an increase in the left-to-right end-diastolic pressure differential.
The proximal aortic systolic pressure waveforms revealed a significant increase in the mid-to-late systolic peak during the Mueller maneuver, as has been previously reported. 6 We have previously shown that this effect represents an increase in arterial wave reflections on the proximal aortic wave contour.6' '4 These data are consistent with an increase in the transmural pressure difference (mean aortic pressure minus pleural pressure) across the proximal aortic wall, resulting in a decrease in aortic compliance. In this setting there is an increase in pulse pressure and a decrease in atten-uation ofreturning wave reflections from the periphery. The decrease in the transit time of the returning wave (TT in figure 2 ) implies an increase in the pulse wave velocity along the thoracic aorta, which would be expected in the setting of decreased thoracic aortic compliance and is consistent with our previous findings.
During a Valsalva maneuver, there is an initial decrease in pressure followed by an increase in mean pressure toward the baseline level associated with an increase in heart rate. The release phase of a Valsalva maneuver is characterized by a hypertensive, bradycardiac response. These effects are mediated by neurovascular reflexes.16 In contrast, the heart rate and mean aortic pressure during the Mueller maneuver are unchanged, suggesting a subordinated role of any neurovascular reflexes.
In conclusion, we have studied simultaneous micromanometric right and left heart pressures and flows during a sustained Mueller maneuver. We found that during the sustained maneuver cardiac output and stroke volume fall below baseline levels. These changes reflect a reduction in right ventricular preload and an increase in left ventricular afterload. The diminished right ventricular preload results from impaired right-sided filling caused by collapse of the great veins at the thoracic inlets. This collapse contributes to a small rise in systemic vascular resistance. Our data also implied that central aortic compliance was decreased as a result of the increase in transmural pressure. Right heart hemodynamics were generally more affected than left by the sustained inspiratory effort, presumably because the right heart structures are more compliant. In contrast, aortic pressure waveforms were significantly altered during the Mueller maneuver secondary to the compliance alterations in the thoracic aorta and increased arterial reflections.
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